
P
os

te
d

on
A

u
th

or
ea

11
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

98
64

79
.9

69
58

19
5

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Kinetics of Aging Process on Reduced Ag Exchanged Mordenite in

Dry Air and Humid Air

Seungrag Choi1,1, Yue Nan1, and Lawrence Tavlarides1

1Syracuse University

September 11, 2020

Abstract

Aging effects of off-gas streams including dry air and humid air on reduced silver exchanged mordenite (Ag0Z) were studied.

Aged Ag0Z was prepared by exposing Ag0Z to dry air and humid air at different aging temperatures, time, and water vapor

concentrations. Iodine loading capacity on the aged Ag0Z was obtained through a continuous-flow adsorption system. Significant

iodine loading capacity losses were observed after the Ag0Z was exposed to dry air and humid air. Physical and chemical analyses

were conducted to observe the physical and chemical changes of Ag0Z after being aged. From iodine adsorption data and sample

analyses, it was found that iodine loading capacity on the aged Ag0Z in dry air and humid air decreases with increasing aging

temperatures, time and water vapor concentrations. The pseudo reaction model describes experimental data well and the

oxidation of Ag0 is the rate determining step in the aging process.

Introduction

129I is one of the volatile radioactive species in the off-gas stream generated from spent nuclear fuel repro-
cessing processes.129I has a long half-life (1.6 x 107years) and it is fatal to the human body if released to the
environment. Many studies have been carried out to capture radioactive iodine from spent nuclear fuel re-
processing off-gas streams. Liquid scrubbing methods have been reported1, 2 for radioactive iodine removal,
but these methods have a low removal efficiency, and require a high construction cost and additional works
to reprocess toxic and acidic solutions produced from the liquid scrubbing processes. As an alternative to
wet scrubbing systems, solid adsorbents to capture gaseous iodine have been also suggested.1, 2 Of those
studied solid adsorbents, hydrogen-reduced silver mordenite (Ag0Z) has been introduced as a representa-
tive adsorbent which can effectively capture gaseous iodine. Various studies on Ag0Z3-9 have been reported
including mechanisms and performances on iodine loading capacity.

In previous studies, many researchers investigated Ag0Z reduced under a hydrogen environment, and dis-
cussed the reduction process, the mechanism, and the performance on the reduced silver mordenite.3, 4Ag0

was formed on the surface of mordenite as larger particles through the reduction reaction in H2, and it could
capture gaseous iodine effectively in the form of crystalline AgI. These studies showed the formation of AgI
on Ag0Z exposed to gaseous iodine. To study the impact of off-gas streams on silver containing adsorbents,
a number of aging studies have been performed. In efforts to understand the long-term behaviors of Ag0Z in
spent nuclear fuel reprocessing off-gas treatment, a number of aging studies on Ag0Z5-9 have been done for
extended period of times up to 6 months. These studies showed the iodine loading capacities of Ag0Z aged
in gas streams at 150oC for up to 6 months decreased. For example, iodine loading capacity was decreased
by 40% after exposure to dry air for 6 months5 and by 60% after aging in humid air for 4 months.6 Though
the adverse effects of off-gas streams on Ag0Z were investigated in previous studies, it is not clear why the
iodine loading capacities of the adsorbents decreased when exposed to off-gas streams.

To understand the mechanisms of the aging processes on Ag0Z, characterization studies including scanning
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electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and X-ray powder diffraction (XRD)
were previously performed. It was found that Ag0 was oxidized to Ag+ by oxygen and water in dry air
and humid air, then the oxidized Ag+ was migrated into the pores of mordenite crystalline structure. Sub-
sequently, Ag+ was bound to the mordenite crystalline structure by replacing hydrogen detached from the
mordenite. Finally, the replaced hydrogen was bound to oxygen or hydroxide to produce water.

The objective of this study is understanding aging processes of the selected adsorbent and to develop ap-
propriate kinetic models to predict the effect of off-gas streams on silver containing adsorbents. To better
understand the impact of off-gas streams including dry air and humid air on the silver containing adsor-
bent, Ag0Z, the kinetics of the aging processes on Ag0Z in off-gas streams were studied under experimental
conditions including aging time (up to 6 months), temperatures (100 oC to 200oC), and water vapor con-
centrations (dew points: -40oC to +15 oC). The kinetic data from aging and iodine adsorption experiments
were obtained, and a suitable reaction model was also recommended to predict the aging impacts on Ag0Z.

Materials and Methods

Materials

The Ag0Z used for this study was prepared by reducing the commercial AgZ (IONEX-Type, Ag-900 E16,
Molecular Products) in a 4% H2/Ar gas stream at 400 oC for 24 hours.11 These reduction conditions were
the optimal conditions to maximize iodine loading capacity on the Ag0Z which were obtained from previous
studies.11, 13 Detailed physical properties of Ag0Z were described previously9; the same material was used
herein. Various gases used in this study, including compressed dry air (Ultra Zero Grade, dew point <
-70 oC), N2 (Ultra High Purity), and 4% H2/Ar (Certified Standard Grade, 4% H2 balanced in Ar), were
purchased from Airgas Inc.

The Continuous-flow aging system

The aging experiments on the Ag0Z in different types of gases for long times up to 6 months (10 minutes -
6 months) were performed to determine the impact of off-gas streams on the Ag0Z. The experiments were
done with the experimental system shown in Figure 1. The Ag0Z was loaded into column sets, which are
connected with stainless steel gas tubing in two ovens, and each column consisted of 5 sections. Each column
was connected with gas-stream lines of dry-air and humid-air (d.p. -40oC, -15 oC, and +15oC), respectively.
Thermocouples were placed at each stainless steel line in both ovens to monitor the gas temperature. The
Ag0Z loaded into column sets dried in a N2 stream at 150 oC for 1 hour before starting the aging experiment
to remove moisture and dust which may have existed in or on the Ag0Z. Each gas was passed into each column
through the gas lines for the designed periods at 150oC; flow rates were controlled by mass flow controllers
at 500 ml/min. Water vapor was generated by a water vapor generator (Easidew, Michell Instruments) by
controlling a dew point hygrometer which can be controlled by flow rates of the dry air stream. Each of the
aged Ag0Z samples were obtained after completion of aging at each desired aging time.

2
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Figure 1. Schematic diagram of the continuous-flow aging system.

The Continuous-flow iodine adsorption system

Iodine adsorption experiments on the aged Ag0Z were performed with the continuous-flow adsorption system
shown in Figure 2 to quantify the impacts of off-gas streams on the iodine adsorption capacity of aged Ag0Z.
50 ppmv of iodine vapors were generated from the dynacalibrators (VICI, model 450 and 500) by controlling
flow rates of the carrier and dilution gas stream (dry air) at 500 ml/min. The aged Ag0Z were loaded on a
screen pan in a single layer inside adsorption column wrapped with glass coil, through which the flowing I2
vapor was pre-heated at 150oC. The aged Ag0Z samples were exposed to 50 ppm of gaseous iodine at 150
oC, and then the mass change of the aged Ag0Z samples was measured by a microbalance connected with a
screen pan inside adsorption column.

Figure 2. Photographs of the continuous-flow adsorption system; (1) Dynacalibrator; (2) Microbalance; (3)
Furnace; (4) Temperature controller; (5) Data acquisition system; (6) Adsorption column; (7) Screen pan.

Characterization

Chemical analyses of each aged adsorbents were performed by various analytical techniques to determine
the physical and chemical changes of Ag0Z after being aged. Scanning Electron Microscopy (SEM, JEOL

3
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5600) was employed to observe surface structure change on aged samples by obtaining information on each
sample’s surface and chemical composition.

X-ray diffraction (XRD, Bruker D8 Advance ECO powder diffractometer) equipped with a Cu Kα radiation
(λ=1.540456 Å) at 40 kV and 25 mA was employed to observe the impacts of aging gases on Ag0to describe
behavior of silver particles. Diffraction patterns were collected at the 2θ-range between 15° and 60°, and the
results were analyzed with the software MDI Jade version 9.0.

X-ray Photoelectron Spectroscopy (XPS, Surface Science Instruments SSX-100) in an ultrahigh vacuum was
employed for surface elemental analysis to investigate the change of oxidation state of Ag in the adsorbents
when exposed to the studied gas streams. A monochromatic Mg Kα X-ray source (1486.6 eV) at a working
pressure in the analyzing chamber of ˜2 × 10-9 Torr was used to obtain the spectra. Survey/wide scans were
performed using a pass energy of 150 V, and high-resolution scans were conducted with a pass energy of 50 V.
A flood gun was used for charge neutralization. The binding energy (BE) of core-level Ag 3d was measured.
C 1s peak at 284.2 ± 0.1 eV BE was taken as internal reference. Analysis of the data was performed with
the Casa XPS program (Casa Software Ltd., UK).

Modeling

Pseudo kinetic model, which was first introduced by Lagergren17 and widely used in various studies18-22,
was employed to express the deactivation of Ag as a function of aging time. The oxidation of Ag can be
considered as a reversible reaction with an equilibrium in this study. The aging experiments in this study
were conducted under a continuous flow system such that the concentrations of gas streams were constant
during the aging processes. The pseudo reversible reaction model with a reaction equation (Eqn. 1) was
applied to describe the kinetics of aging processes on Ag0Z. CAg is the normalized concentration of silver
which indicates the amount of I2loaded on the aged Ag0Z, A is a gas component used in this study, CA is the
concentration of oxygen in dry air,CAg+ is the concentration of silver oxidized by oxygen in dry air, n is the
reaction order, k1 is the forward reaction rate constant, and k−1 is the reverse reaction rate constant. Here k1
and CA are lumped into k1

∗because the gas concentration is constant all the time during aging experiment.
The correlation coefficient (R2) was also employed to determine the applicability of each model using Eqn.
2.x is sample data from experimental results, x is the average of the sample data set from experimental
results, y is sample data from model results, and y is the average of the sample data set from model results.
In general, as the correlation cofficient is close to 1, it indicates strong correlation between experimental data
and model results.

AgAgs
+\n v =

dCAg

dt
= −k1CACAg

n + k−1CAg+
n (1)

k1
∗ = k1CA

v =
dCAg

dt
= −k1∗CAg + k−1CAg+

Correlation coefficient
(
R2
)

=

∑
(x− x)(y − y)√

(x− x)
2
(y − y)

2
(2)\n

Results and Discussion

Aging effects of off-gas streams on the aged Ag0Z

The data of iodine adsorption on the aged adsorbents are placed in Figure 3 which show iodine loading
capacity on the Ag0Z aged in dry air (d.p. < -70oC) and humid air (d.p. -15 oC) at 150 oC for up to 6

4



P
os

te
d

on
A

u
th

or
ea

11
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

98
64

79
.9

69
58

19
5

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

months (1 week ˜ 6 months). Iodine loading capacity of the Ag0Z decreases after being aged in dry air and
humid air. The aged Ag0Z samples in dry air for 1 week indicates that iodine loading capacity decreases to
10.5 wt.% from 12.3 wt.% (unaged Ag0Z), and further decreases to 8.0 wt.% after being aged for 1 month.
Iodine loading capacity of Ag0Z aged in dry air for 1, 2, and 4 months shows similar drops which indicate no
further degradation occurs during aging process over 1 month. A modest drop is observed after being aged
for 6 months, but it could merely be owing to an experimental deviation caused by material nonuniformity.
For the humid air aged Ag0Z, iodine loading capacity decreases to roughly 6 wt.% which is dropping more
rapidly than dry air. No further significant drops are observed after 1 month. Compared to the dry air aged
Ag0Z, these results suggest that the degradation rate increases as water is included in the air stream.

The decrease of maximum iodine loading capacity on both dry air aged and humid air aged Ag0Z as a
function of aging time are consistent with previous studies5, 6 which show that dry air stream leads to a
roughly 40% iodine capacity loss over 6 months and humid air stream leads to a roughly 50% iodine capacity
loss over 6 months. However, the results of the aged Ag0Z in humid air show less iodine capacity loss than
previous studies5, 6. It is because a higher dew point of humid air (+15 oC) was used in previous studies
than a dew point of humid air (d.p. -15 oC) used in this study. It is appropriate to expect that the lower
concentration of water vapor used in this study would result in a less deactivation which is consistent with
the following discussion on Figure 7. To summarize, in terms of iodine adsorption capacity loss on both dry
air and humid air aged Ag0Z, the aging effect of the humid air (d.p. -15oC) is higher than that of dry air.

Figure 3. Iodine loading capacity on the aged Ag0Z in dry air and humid air at 150 oC for up to 6 months.

Characterization

Scanning Electron Microscopy

SEM backscattered electron images for unaged AgZ, Ag0Z, and aged Ag0Z in dry air and humid air (d.p. -15
oC) for 1 month are shown in Figure 4. Small particles are observed on the mordenite crystal surface as shown
in Figure 4b. White dots in the image indicates that they comprise elements of higher atomic mass than
the Al, Si, and O that comprise the zeolite framework. According to the chemical composition of Ag0Z,11

these particles are necessarily composed of Ag atoms. This observation is in agreement with previous works

5
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that indicate Ag ions (Ag+) in AgZ are reduced to Ag0 upon reduction in H2with concomitant migration to
the mordenite surface and formation of aggregate clusters.14 This is also consistent with their absence in the
image of AgZ (Figure 5a). The observed diameter of the Ag0 particles ranged from 0.1 to 1.2 μm. While we
expect particles smaller than 0.1 μm also exist, they cannot be observed under the current magnification.
Although the I2 loading capacity of Ag0Z aged in dry air and humid air are decreased (Figure 3), a significant
amount of Ag0particles are observed on the surface of aged Ag0Z in dry air (Figure 4c) and humid air (Figure
4d). It is because a reduction in amount or size of the Ag0 particles cannot be quantitively observed by the
SEM images.

Figure 4. Scanning Electron Microscopy (SEM) images. (a) AgZ; (b) Ag0Z; (c) Ag0Z aged in dry air for 1
month; (d) Ag0Z aged in humid air for 1 month.

X-ray Powder Diffraction

XRD patterns for the AgZ, Ag0Z, and aged Ag0Z in different gas streams including dry air and humid air
are placed in Figure 5. The as-received AgZ exhibits a typical pattern at 10° < 2θ < 36° for mordenite
crystals. The patterns of Ag0Z have two additional peaks at 2θ = 38.2° and 2θ = 44.3° corresponding to
Ag crystals. This is in good agreement with the formation of Ag particles in Ag0Z during the reduction in
H2. It also confirms that the particles observed in the backscattered electron images in Figure 4 are metallic
Ag particles. Decreasing intensity of Ag crystal peaks is observed with all aged Ag0Z in gas streams used
in this study, indicating that the amount of Ag0decreased during the aging process. This suggests that the
Ag0 was oxidized to other chemical forms when exposed to the gas streams. It is noted that the decrease in
the quantity of Ag0 in the aged Ag0Z is consistent with the decrease in iodine adsorption capacity shown in
Figure 3. This indicates that I2 is adsorbed only by reaction with the Ag0 particles and the oxidized Ag+is
not reactive or available to I2. Furthermore, all aged Ag0Z have the similar patterns for mordenite crystal
as in Ag0Z and AgZ, indicating that the crystal structure of mordenite is not affected by the aging process.

The XRD patterns also indicate that the aging gases have different oxidation effects on the Ag0 particles in
Ag0Z. A portion of the silver in the Ag0Z aged in dry air and humid air remained as Ag0 which are consistent
with the observations in the backscattered electron images shown in Figure 4. Besides, no additional charac-
teristic peaks for crystals of Ag compounds (e.g. Ag2O) are observed on the patterns of aged Ag0Z, which

6
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is also consistent with the observations in Figure 4. However, it is possible that Ag2O exists as molecular
species or small clusters, and thus are not detectable by the XRD.

Figure 5. XRD patterns of AgZ, Ag0Z, and aged Ag0Z in dry air (top) and humid air (bottom) at 150oC.

X-ray Photoelectron Spectroscopy

XPS spectra for the AgZ, Ag0Z, and aged Ag0Z in dry air and humid air for 1 month and 2 months are
shown in Figure 6. The results show that all samples have identical chemical compositions of Al, Si, and
O, which when interpreted self-consistently with the aforementioned XRD results, confirm that the aging
process does not impact on the chemical structure of mordenite crystals.

Ag 3d spectra for Ag standards and the Ag0Z and the aged Ag0Z samples are shown in Figure 6. The binding
energy (BE) of Ag 3d5/2 measured for AgZ was 368.4 eV, and it shifted to 367.6 eV when the Ag+ in AgZ
was reduced and formed Ag0 particles in Ag0Z. It is noted that the Ag 3d5/2 BE for the Ag0 particles in
Ag0Z is different to that for Ag foil standard (368.2 eV), which should be attributed to the chemical/physical
environment of the Ag0 particles as they locate in the macropores of the Ag0Z.4 These Ag 3d5/2 BEs are
in agreement with those reported by Aspromonte and coworkers.15 An increasing Ag 3d BE is noted when
Ag0Z was aged in aging gas streams used for this study. As highlighted in Figure 6, it shifts towards the Ag
3d BE for Ag2O (368.3 eV) and AgZ (368.4 eV). Since no significant Ag2O are detected by the XRD and
XPS, this result suggests that the Ag0Z was mainly oxidized back to AgZ when being aged in gas streams.
Combining the results from SEM and XRD, it is most likely that the Ag particles are dispersed during the
aging process. That is, the oxidized Ag+ migrated back to the mordenite pores and channels, resulting in
the same oxidation state as in AgZ. Since dry air and humid air are not as strong oxidants as NOx, a portion
of silver remained as Ag particles, and accordingly, the Ag 3d BEs for the aged samples in dry air and humid
air are in between AgZ and Ag0Z.

7
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Figure 6. XPS spectra (Ag 3d core-level) of Ag standards, AgZ, Ag0Z, and aged Ag0Z in dry air and humid
air at 150 oC for 2 months; D-2m-Ag0Z is for the aged Ag0Z in dry air for 2 months and H-2m-Ag0Z is for
the aged Ag0Z in humid air for 2 months.

Kinetics of the aging process

Figure 3 shows the effects of dry air and humid air on the performance of Ag0Z at 150 oC for up to 6
months. Especially, the aged Ag0Z in dry air and humid air (d.p. -15 oC) showed a significant decrease of
iodine loading capacities. For instance, the aged Ag0Z in dry air and humid air for 1 month had a capacity
loss for iodine by 34.7% and 49.4%, respectively. To obtain insight of the kinetics of aging on Ag0Z, aging
experiments under different conditions including time (1 day to 1 month), temperatures (100oC to 200 oC),
and water vapor concentrations (d.p. -40 oC to +15oC) were performed.

Iodine loading data of each aged Ag0Z sample was obtained and compared with the data of deactivation from
the chemical analyses because the iodine capacity loss should be consistent with the amount of Ag which
was oxidized. Figure 7 shows the kinetic data of iodine loading capacities on the Ag0Z aged in different gas
streams including dry air and humid air (d.p. -40oC, -15 oC, and +15oC) at different temperatures (100oC,
150 oC, and 200oC) for from 1 day to 1 month. The kinetic data shown in Figure 7 indicated that iodine
loading capacities on the aged Ag0Z decreased with increasing aging temperatures and time when exposed to
off-gas streams, which mean that dry air and humid air have a negative impact on the iodine loading capacity
of Ag0Z. For example, iodine loading capacities on Ag0Z aged in dry air (Figure (A)) decreased by 15.5%,
34.8%, and 36.4% at 100 oC, 150oC, and 200 oC after 1 month, respectively. Iodine loading capacities on
Ag0Z aged in humid air (d.p. -15 oC, Figure (B)) decreased by 42.4%, 44.8%, and 58.2% at 100 oC, 150oC,
and 200 oC after 3 days, respectively. Figure (C) indicates the effect of water vapor concentration on iodine
loading capacity of Ag0Z; iodine loading capacities were decreased by 34.8% (d.p. -40oC), 44.8% (d.p. -15
oC), and 56.3% (d.p. +15 oC) at 150 oC after 3 days. Results in Figure 7 (B) and (C) show that the effect
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of humid air increases with increasing temperatures and water vapor concentrations. The aging processes
for short periods of time are sensitive to time, so some aging experiments were repeated to make sure of
reliabilities of the results, and marked with standard error bars in Figure 7.

Figure 7. Kinetic data on Ag0Z aged in dry air at different temperatures (A), humid air at different
temperatures (B), humid air with different water vapor concentrations and constant temperature (C).

Aging mechanism

Based on experimental results and material characterizations, the aging processes on Ag0Z occur through the
Ag oxidation followed by the migration of Ag+ into the pores or channels of mordenite crystalline framework.
Similar phenomena of Ag cluster dispersion in microporous zeolites including MFI12 and Y zeolite16 were
also observed in previous studies. Thus, the pathways of the aging processes can be expressed as in the
following steps; firstly, Ag0 is oxidized to Ag+ by oxygen which has existed in air gas streams, then the
oxidized Ag+ migrated into the pores of mordenite crystalline structure from the surface. After that, Ag+

was bound to the mordenite crystalline structure through substitution with hydrogen. Finally, the generated
hydrogen produced water by binding with oxygen or hydroxide.

In dry air as shown in Eqns. (3) ˜ (6), Ag0 is oxidized by O2 in dry air to Ag+ on the surface of the mordenite,
then Ag+ is migrated into the pores and bound to the crystalline structure in mordernite through subtitution
reaction with H+. The replaced H+ was bound to the O2- in order to produce H2O. The different influences
of the aging gas streams on Ag0Z should depend on the different oxidation reactions of Ag0Z. That is, the
aging effects rely on the strength of the oxidants. The subsequent migration process, which is reactions (4)
- (6) can be similar for the aging process in both gas streams. Considering the similar reactions (4) - (6) in
both gas streams and the faster aging process in humid air (Figure 3) which shows higher iodine capacity
loss after 1 week, it can be concluded that the aging processes in all gas streams used in this study are
controlled by the oxidation reaction as shown in Eqns. (1) for dry air and (6) for humid air. The overall
reaction, Eqn. (7), is proposed for the oxidation process of Ag cluster which is similar reaction as described

9



P
os

te
d

on
A

u
th

or
ea

11
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

98
64

79
.9

69
58

19
5

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

by previous study.12

O2 + 4Ag4Ags
+ + 2O2− (3)

Ags
+Agp

+ (4)

Agp
+ +HZ AgZ +H+ (5)

2H+ +O2−H2O (6)

Overall reaction : O2 + 4Ag + 4HZ4AgZ + 2H2O (7)

Where Z representes mordenite, the subscript s denotes the Ag+ on the external surface and p denotes the
Ag+ in the pores and channels of mordenite crystals.

In case of the aging process with humid air, an air stream containing water can promote the oxidation process
based on experimental data and material analyses. The oxidation of Ag to Ag+ with humid air takes place
faster than with dry air by forming OH- instead of O2-. Then H2O can be formed through a similar pathway
in dry air as shown Eqns. (9) - (11). The overall reaction shown in Eqn. (12) is the same as that in dry air,
but is catalyzed by water. Therefore, it can be expected that the effect of humid air on Ag0Z will increases
as the water vapor concentration increases.

2H2O + O2 + 4Ag4Ags
+ + 4OH− (8)

Ags
+Agp

+ (9)

Agp
+ +HZ AgZ +H+ (10)

H+ +HO−H2O (11)

Overall reaction : O2 + 4Ag + 4HZ4AgZ + 2H2O (12)

Modeling

As mentioned through the kinetic data and chemical analysis above, aging processes in dry air and humid
air are controlled by the oxidation reaction. The aging experiments were conducted under a continuous flow
system such that the concentrations of gas streams were constant during the aging processes. Accordingly,

10
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the pseudo reversible reaction model was applied to describe the kinetics of aging processes on Ag0Z. For the
modeling work, the correlation coefficient (R2) was used to evaluate the goodness of fit between experimental
data and model results. According to the modeling results, pseudo 1st order reversible reaction models for
aged Ag0Z in dry air and humid air at different aging temperatures (100 oC, 150oC, and 200 oC) and different
water vapor concentrations (d.p. -40 oC, -15oC, and +15 oC) for up to 2 weeks are placed in Figure 8 which
are incorporated with the kinetic data shown in Figure 7.

Modeling results on the aged Ag0Z in dry air at different temperatures for different aging time are shown in
Figure 8 (A). Eqn. (13) represents a reaction equation for a kinetic model on the aged Ag0Z in dry air shown
in Figure 8 (A).CAg is the normalized concentration of silver which indicates the amount of I2 loaded on the
aged Ag0Z, CO2 is the concentration of oxygen in dry air, CAg+ is the concentration of silver oxidized by
oxygen in dry air, n is the reaction order, and k1 is the forward reaction rate constant, and k−1 is the reverse
reaction rate constant. Here, k1 and CO2

are lumped intok1
∗ because the gas concentration was constant all

the time during the aging experiment. CAg+ can be calculated by substracting the amount of I2 loaded on the
aged Ag0Z from the amount of I2 loaded on the unaged Ag0Z. The model parameters of all reaction models
and correlation coefficients (R2) between experimental data and model results are shown in Table 1. These
results indicate a model is fitted to experimental data well when n ≥ 1with strong correlation coefficient (for
example, R2 = 0.988 at 150 oC) using Eqn. 2, which means the Pseudo 1st reversible reaction model fits
experimental data (Figure 8 (A)). These results are consistent with experimental data (Figure 7) that the
aging effects of gas streams on Ag0Z increase with increasing aging time and temperatures.

AgAgs
+ (13)\nv =

dCAg

dt
= −k1CO2CAg

n + k−1CAg+
n

k1
∗ = k1CO2

v =
dCAg

dt
= −k1∗CAg + k−1CAg+ (for n = 1)

Modeling results on the aged Ag0Z in humid air with different temperatures, aging time, and water vapor
concentrations are placed in Figure 8 (B) and (C). A reaction equation for the model is provided in Eqn.
(14). Considering the results of correlation coefficient to each order model with the model results, whenn ≥ 1,
model results show good fitting to experimental data.CH2O and CO2

are the concentrations of water vapor
and oxygen in humid air, k1 is the reaction rate constant,k−1 is the reverse reaction rate constant, and n is
the reaction order. Here, k1, CH2O, and CO2 are lumped into k1

∗, and m is the power of the water vapor
concentration determined by a exponential curve expressed byk1

∗ versus CH2O as shown in Figure 9 (m =
0.20). These modeling results indicate that the pseudo 1streversible reaction model fits experimental data
(For example, R2 = 0.985 at 150 oC) with similar approach to the model result of dry air aged Ag0Z.

AgAgs
+ (14)

v =
dCAg

dt
= −k1∗CAg

n + k−1CAg+
n

k1
∗ = k1CH2O

mCO2

v =
dCAg

dt
= −k1∗CAg + k−1CAg+ (for n = 1)

11



P
os

te
d

on
A

u
th

or
ea

11
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

98
64

79
.9

69
58

19
5

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure 8. Pseudo 1st order reaction models on Ag0Z aged in dry air (A), humid air (B), and humid air with
different water vapor concentrations (C) at different aging temperatures and time.

Figure 9. Power function curve between reaction rate constant (k1
∗) and water vapor concentration (CH2O).

Table 1. Variables and Model Parameters for the Pseudo Reaction Model

12
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. T (oC) D.P. (oC)
CH2O

(mol/m3)
CO2

(mol/m3) k1
* (hr-1)

k1

((mol/m3)-1·hr-1)a
k1

((mol/m3)-1·hr-1)ak-1 (hr-1) R2,b

Dry air
100 -70 - 8.59 8.36E-4 8.36E-4 9.73E-5 4.55E-3 0.997
150 -70 - 8.59 1.32E-3 1.32E-3 1.53E-4 2.01E-3 0.988
200 -70 - 8.59 2.14E-3 2.14E-3 2.4E-4 3.68E-3 0.999
Humid
air
100 -15 0.067 8.59 0.323 0.323 0.064a 0.537 0.974
150 -40 0.005 8.59 0.272 0.272 0.090a 0.644 0.982
150 -15 0.067 8.59 0.456 0.456 0.090a 0.667 0.985
150 +15 0.687 8.59 0.716 0.716 0.090a 0.688 0.982
200 -15 0.067 8.59 0.403 0.403 0.080a 0.429 0.953

a(mol/m3)-1.20·hr-1for humid air

bfor n = 1 in Eqns. (13) and (14).

Conclusion

The aging processes on Ag0Z in dry air and humid air as off-gas streams from the spent nuclear fuel repro-
cessing system were studied. Iodine loading capacity of Ag0Z after being aged in gas streams including dry
air and humid air (d.p. -40oC, -15 oC, and +15oC) at 100 oC, 150oC, and 200 oC for up to 6 months were
obtained. Iodine loading capacity of Ag0Z aged in dry air and humid air (d.p. -15 oC) at 150oC for 1 month
decreased by roughly 35% and 50%, respectively, which indicate that humid air has more adverse impact on
the performance of the Ag0Z. Besides, aging temperatures and water vapor concentrations are key factors
which have negative influences on the Ag0Z; iodine loading capacity was decreased with increasing aging
temperatures and water vapor concentrations.

The aging mechanisms of Ag0Z in dry air and humid air were suggested with SEM, XRD, and XPS analyses.
It was found that the mechanism includes the following steps; (1) oxidation of Ag0 to Ag+, (2) migration
of Ag+ from the surface to the pores/channels of mordenite crystals, (3) binding of Ag+ within the zeolite
framework by replacing the H, and (4) binding of the generated H+ with O2- or HO-producing H2O. In
addition, given that similar reactions in both dry air and humid air and faster aging process occur in humid
air than dry air, the kinetics of the overall aging process were most likely controlled by the oxidation reaction
of Ag0.

Furthermore, the Pseudo reaction model with the oxidation reaction of Ag0 from dry air and humid air aging
processes is capable to describe the kinetics of deactivation on Ag0Z. The results of iodine loading capacity
and model fitting reveal that the Ag0Z lost a significant iodine capacity when being exposed to dry air and
humid air. While the kinetics of the aged Ag0Z in dry air and humid air were suggested in this study, future
work should be involved not only in further understanding of the aging processes in gas mixture of dry air
and humid air, but in ascertaining alternative adsorbents which are tolerant to dry air and humid air off-gas
streams.
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